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Abstract. High-spin states of the neutron-rich 152Nd nucleus have been reinvestigated by measuring the
prompt γ-rays in the spontaneous ﬁssion of 252Cf. The ground-state band and a side negative-parity band
have been updated. A new band based on the 2243.7 keV isomeric state has been identiﬁed. The half-life
for the isomeric state has been measured to be 63(7) ns. The projected shell model is employed to study
the band structure of this nucleus. The results show that the calculated levels of the bands are in good
agreement with the experimental ones, and the isomeric state and the negative-parity band are based on
the proton π5/2−[532]⊗π9/2+[404] and neutron ν3/2−[521]⊗ν5/2+[642] two-quasiparticles conﬁgurations,
respectively.
The neutron-rich nuclei around the A ∼ 150 re-
gion show transitional character from spherical to prolate
quadrupole deformation and from octupole vibrational ex-
citations to static octupole deformation [1–5]. 152Nd is
located in the deformed region and has a well-deformed
shape. Previously, the level structure of 152Nd has been
studied by using various experimental methods [6–12].
The ground-state band and a negative-parity band based
on a 2− state have been identiﬁed. In addition, the iden-
tiﬁcation of the K isomeric states and the bands built
on the isomers is a very important topic in this region.
In a recent publication, two-quasiparticle (2-qp) isomeric
states and bands based on the isomers have been reported
in 154,156Nd and 156,158,160Sm [13]. For 152Nd, an isomeric
state was also reported in ref. [11], but no band structure
based on that isomer was observed. In order to understand
the systematic structural characteristics and to search for
the isomeric band, we reinvestigated the high-spin states
of 152Nd. Here we report our new result.
To study high-spin states of 152Nd, the γ-rays in the
spontaneous ﬁssion of 252Cf were measured. These γ-rays
include prompt γ-rays emitted after their formation in
spontaneous ﬁssion and delayed γ-rays from β-decay. The
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experiment was carried out at the Lawrence Berkeley Na-
tional Laboratory. The γ-γ-γ coincidence studies were per-
formed with the Gammasphere detector array consisting
of 102 Compton-suppressed Ge detectors. The γ-γ-γ and
higher-fold coincidence events were triggered by any γ-
ray. The triple-γ coincidence method can strongly enhance
the prompt γ-transitions in only that isotope and reduce
the delayed γ-transitions from β-decay. A 252Cf source of
strength ∼ 60μCi was placed at the center of the Gamma-
sphere. A three-dimensional histogram of 5.7×1011 coinci-
dence events was constructed. The relative intensities were
obtained by calibrating the Gammasphere with 133Ba and
152Eu standard sources. The data have much higher statis-
tics than that in ref. [12]. The coincidence data were
analyzed with the Radware software package [14]. More
details about the experimental method can be found in
refs. [1,15].
By carefully examining the coincidence relationships
and γ-ray relative transition intensities, the level scheme
of 152Nd obtained in the present work is shown in ﬁg. 1.
Three collective bands are observed. The new transitions
have been marked with the asterisks (∗) and the relative
intensities of transitions, which are normalized to that of
the 164.3 keV transition, are given in parentheses as shown
in ﬁg. 1. In band (3), because the 2243.7 keV level is iso-
meric (see discussion below), the relative intensities for





































































































































































































































Fig. 1. Level scheme of 152Nd obtained in the present work. Energies are in keV.
the γ-transitions inside this band cannot be normalized
to that of the 164.3 keV transition. So in band (3), for the
168.9 and 186.2 keV transitions, they are only normalized
to that of the 147.6 keV one.
The ground-state band (1) of 152Nd was identiﬁed up
to 18+ [10], and tentatively expanded to 20+ [12]. In the
present work, we conﬁrmed the result up to 18+. Above
that, we add a 662.4 keV γ-transition (20+ −→ 18+) to
band (1) instead of the uncertain 669.3 keV one assigned in
ref. [12]. Band (2) based on the 1542.4 keV level was estab-
lished up to 12− in ref. [12], but a 435.4 keV (12− −→ 10−)
transition was also uncertain in ref. [12]. We conﬁrmed this
band up to 10−. Above that, we add a 432.9 keV transi-
tion (12− −→ 10−) to this band instead of the uncer-
tain 435.4 keV one reported in ref. [12]. Band (3) is newly
discovered in the present work. The band head level at
2243.7 keV has been identiﬁed as an isomeric state with
half-life 88(18) ns, along with some de-excited transitions
from this isomeric state to the ground-state band [11].
Above the isomeric state, three new levels at 2391.3,
2560.2 and 2746.4 keV, along with three new γ-transitions
of 147.6, 168.9 and 186.2 keV have been identiﬁed in our
work. According to the energy spacings inside this band
and the systematical comparison with the isomer bands
in the neighboring nuclei, we assign the transitions inside
band (3) as M1-transitions. Besides, two new side transi-
tions of 1396.5 and 1375.9 keV between bands (2) and (1)
are also observed. As examples, ﬁg. 2 shows three coinci-
dence γ-ray spectra in 152Nd. In ﬁg. 2(a), by double gating
on 322.1 and 614.9 keV γ-transitions, one can see all the
γ-peaks in band (1), except for the gating peaks of 322.1
and 614.9 keV. In ﬁg. 2(b), by double gating on 322.1 and
1437.0 keV γ-transitions, three new transitions of 147.6,
168.9 and 186.2 keV in band (3) as well as the 73.0, 164.3
and 247.3 keV transitions in band (1) can be seen, and
some γ-transitions of the partner nuclei, such as, 144.9 keV
in 98Sr(2n) and 204.2 keV in 95Sr(5n) (the numbers in
parentheses here indicate the number of neutrons emitted
after ﬁssion) can also be seen. Figure 2(c) is obtained by
double gating on 298.1 and 1420.5 keV γ-transitions. From
this spectrum, in addition to the transitions of 73.0, 164.3
and 247.3 keV in band (1), and 369.4 keV in band (2), a
new transition of 432.9 keV in band (2) can also be seen.
In these spectra, some peaks which are not labeled belong
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Fig. 2. Portion of γ-ray spectra by (a) double gating on 322.1 and 614.9 keV, (b) double gating on 322.1 and 1437.0 keV, and
(c) double gating on 298.1 and 1420.5 keV, in 152Nd.
to coincidence background peaks from other ﬁssion frag-
ments. We excluded them from 152Nd.
In order to conﬁrm the isomeric state at 2243.7 keV
in 152Nd reported in ref. [11], we have carried out the
nanosecond half-life analysis from our data by using the
delay coincidence matrix method in refs. [16,17]. The mea-
sured half-life for this isomeric level is 63(7) ns. This result
conﬁrms the isomeric state, but it is smaller than the re-
sult in ref. [11].
The character of the ground bands in the Nd isotopes
has been discussed in refs. [6–8,10,11]. The ratios of
E(4+1 )/E(2
+
1 ) are 2.49 for
148Nd, 2.93 for 150Nd, 3.25
for 152Nd and 3.26 for 154Nd. These values indicate that
these Nd nuclei are located in a transitional region from
spherical to deformed nuclei, and the 152Nd nucleus has a
well-deformed shape. The experimental lifetime of the 2+
state in band (1) for 152Nd indicates that the deformation
parameter β2 is 0.33 [7,8]. The potential energy surface
calculations also showed that 152,154,156Nd have large
prolate deformation with β ∼ 0.35 [11]. Band (2) in 152Nd
has been assigned as a negative-parity band based on a
2− state [8,9,12]. According to the lifetime measurement,
this band was suggested as a Kπ = 2− two-quasiparticle
band with ν3/2−[532]⊗ ν1/2+[660] conﬁguration [9]. The
excitation energy of the band head energy at or above
the paring energy gap indicates that this assignment
is possible [9]. A similar band structure has also been
identiﬁed in 154Nd [12]. However, they were suggested as
octupole vibrational bands [12]. Therefore, the structure
of this negative-parity band still need to be examined.
The most interesting ﬁnding of the present study is the
observed collective band (3) built on the isomeric state in
152Nd. This kind of band structures has been identiﬁed
in neighboring nuclei, 154,156Nd, and 156,158Sm in a re-
cent paper [13]. They are based on a 4− state in 154Nd,
and 5− state in 156Nd and 156,158Sm, respectively [13].
The quasiparticle rotor model (QPRM) calculations in-
dicated that the 4− isomeric state has a ν5/2+[642] ⊗
ν3/2−[521] conﬁguration, and all the 5− isomers have the
ν5/2+[642]⊗ ν5/2−[523] conﬁguration. So all these bands
built on the isomeric states belong to the neutron 2-qp
bands, and these isomers are K isomers. However, ex-
amining the decay of the isomeric state at 2243.7 keV of
band (3) in 152Nd, its spin should be diﬀerent from those
of 154,156Nd, and 156,158Sm, that is, neither 4 nor 5. With
the transitions observed to only the 6+, 8+, and 6− lev-
els, the possible spins and parities (Iπ) allowed for dipole
or E2 radiation of the isomer in 152Nd are 6+, 7+ or 7−.


















































































































Fig. 3. Comparison of calculated energy levels with experimental data.
We tentatively assigned the Iπ as 7−. This assignment is
supported by the following calculation.
To obtain further insight into the new data, calcula-
tions for 152Nd were performed by using the projected
shell model (PSM) [18], which has been proven to be
successful in high-spin structure studies. The PSM uses
the deformed Nilsson single-particle states [19] to start
with. Pairing correlations are incorporated into the Nils-
son states by the BCS calculation. The consequence of
the Nilsson-BCS calculations is to deﬁne a set of quasi-
particle (qp) states with respect to the qp vacuum |0〉.
One then constructs the shell model bases by building
multi-qp states from those Nilsson orbitals that lie close
to the Fermi levels. The broken rotational symmetry in the
multi-qp states is recovered by exact angular-momentum
projection [20] to form a shell model basis in the labora-
tory frame. Finally, a two-body Hamiltonian is diagonal-
ized in the projected space.
The PSM wave function is a superposition of projected









MKκ |φκ〉 . (1)
In eq. (1), κ labels the basis states and f Iκ are deter-
mined by the conﬁguration mixing implemented by di-
agonalization. Pˆ IMKκ is the angular-momentum projection
operator [20] which projects an intrinsic conﬁguration |φκ〉
onto states with good angular momentum. As the valence
space, particles in three major shells (N = 3, 4, 5 for pro-
tons and 4, 5, 6 for neutrons) are activated. |φκ〉 consists
of 0-, 2- and 4-qp states:
|φκ〉 =
{




where α† is the creation operator for a qp and the index
n (p) denotes neutron (proton) Nilsson quantum numbers
which run over the orbitals close to the Fermi levels.
The PSM Hamiltonian has the form
Hˆ = Hˆ0 − 12χ
∑
μ




where Hˆ0 is the spherical single-particle Hamiltonian
which contains a proper spin-orbit force. The monopole
pairing strength GM is taken to be GM = [20.12 ∓
13.13(N − Z)/A]/A with “−” for neutrons and “+” for
protons, respectively. The quadrupole pairing strength GQ
is assumed to be proportional to GM , the proportion-
ality constant being ﬁxed to 0.18 in the present work.
These values are the same as employed in earlier PSM
works (see, for example, ref. [21]). Finally, the quadrupole-
quadrupole interaction strength χ is determined by the
self-consistent relation associated with deformation [18].
As we shall demonstrate below, the use of ε2 = 0.306 and
ε4 = −0.042 gives the best description for all the experi-
mentally determined states in 152Nd.
The calculated level scheme of 152Nd is compared
with the experimental one in ﬁg. 3. Good agreement is
found for band (1), the yrast band. The calculation in-
dicates that band (2) originates from the neutron 2-qp
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state ν3/2−[521] ⊗ ν5/2+[642] with Kπ = 1−. This as-
signment disagrees with the early assignment [9]. The sug-
gested conﬁguration in ref. [9] (ν3/2−[532]⊗ ν1/2+[660])
was based on an estimation through possible 2-qp com-
binations without the support of theoretical calculations
that could reproduce the observed levels. The experimen-
tally observed band (2) corresponds to the α = 0 signature
partner which starts from a 2− state, and another α = 1
signature partner band which starts from a 1− state is
not observed in our work. So the experimentally observed
band (2) is also well described.
The discussion emphasis is now given for the new
band (3). It is found that there are two possible candidate
conﬁgurations with Iπ = 7−. One is the neutron 2-qp state
ν3/2+[651]⊗ν11/2−[505] and the other is the proton 2-qp
state π5/2−[532]⊗π9/2+[404]. The calculated 7− band for
the neutron conﬁguration is found higher in energy than
the proton conﬁguration, and furthermore, it gives very
compressed energy spacings (E9−−E7− = 0.220MeV and
E10−−E8− = 0.259MeV), in disagreement with the exper-
imental data (E9− −E7− = 0.317MeV and E10− −E8− =
0.355MeV). The calculated level spacings of the 7− band
for the proton conﬁguration (E9−−E7− = 0.310MeV and
E10− − E8− = 0.343MeV), as shown in ﬁg. 3, agree with
the experimental ones (i.e. the moment of inertia of the
band) although the theoretical band head is about 200 keV
below the experimental one. We therefore propose that the
newly observed band (3) has a structure of a proton 2-qp
conﬁguration.
In conclusion, the high-spin states of the neutron-
rich 152Nd nucleus have been reinvestigated by mea-
suring the prompt γ-rays in the spontaneous ﬁssion of
252Cf. The ground-state band (1) and the side negative-
parity band (2) have been expanded. A new band based
on the 2243.7 keV isomeric state has been identiﬁed in
this work. The observed level structures are well de-
scribed by projected shell model calculations. The pro-
jected shell model reproduces the experimental levels,
and based on the calculation, we suggest that the iso-
meric state and the negative-parity band (2) originate
from the proton π5/2−[532] ⊗ π9/2+[404] and neutron
ν3/2−[521]⊗ν5/2+[642] 2-qp conﬁgurations, respectively.
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